Introduction
============

Over the past 2 decades, there has been a considerable increase in the interest of targeted therapies for asthma. With the development of monoclonal antibodies that neutralize specific cytokines and the aid of biomarkers, new avenues for the treatment of asthma have been explored. Monoclonal antibodies such as omalizumab, which targets immunoglobulin E, have been used effectively in treating patients with allergic asthma with sensitivity to perennial allergens uncontrolled with inhaled corticosteroids (ICSs) with or without another controller.[@b1-jaa-9-155] Nevertheless, there remains a significant population of patients with severe asthma not controlled with current therapies, including omalizumab, and thus additional therapies are still needed.

One such therapy is reslizumab, a monoclonal antibody that inhibits interleukin-5 (IL-5). IL-5 has a major role in the maturation and activation of eosinophils, cells that play a pivotal role in the pathophysiology of asthma and figure prominently in type 2 inflammatory response. Recently, the Federal Drug Administration (FDA) approved reslizumab as an add-on maintenance therapy for adults with severe asthma with an eosinophilic phenotype.

Here, we review the evidence to date on the efficacy and safety of reslizumab in eosinophilic asthma. We also discuss other anti-IL-5 therapies and their role in treatment of severe asthma. Lastly, we conclude with some thoughts of where anti-IL-5 agents fit at this time in clinical practice and future clinical questions regarding the role of these therapies. For this review, trials and reports were identified from the databases of PubMed/Medline and [ClinicalTrials.gov](ClinicalTrials.gov) from the US National Institutes of Health and the Cochrane Register of Controlled Trials. The search was carried out using the keywords "Sch 55700" or "reslizumab" or "anti-IL-5" or "IL-5 blockage" or "IL-5 antibody with asthma". No date or language restrictions were used.

IL-5 and eosinophils
====================

It has been known now for decades that eosinophils play a central role in the pathophysiology of many patients with asthma.[@b2-jaa-9-155] When activated, eosinophils release leukotrienes, platelet activation factor, major basic protein, eosinophil cationic protein, eosinophil peroxidase, eosinophil-derived neurotoxin, and other cytokines that are cytotoxic to the bronchial epithelium and lead to airway inflammation and bronchospasm.[@b3-jaa-9-155]--[@b6-jaa-9-155]

Until recently, it was thought that IL-5 was produced mainly by TH2 lymphocytes, although eosinophils, mast cells, and other cellular lines produce this cytokine at varying degrees.[@b7-jaa-9-155]--[@b9-jaa-9-155] The production of IL-5 is increased upon activation of TH2 cells after antigen exposure. IL-5 stimulates the production and maturation of eosinophil precursors in the bone marrow. Peripherally, it participates in terminal maturation and activation of eosinophils. In addition, it has a role in diapedesis of eosinophils by facilitating endothelial adhesion and chemotaxis.[@b10-jaa-9-155] Integrins, a type of cellular adhesion receptors, play a major role in eosinophilic migration.[@b11-jaa-9-155], [@b12-jaa-9-155] Studies have shown that increased surface densities of integrins in eosinophils are correlated with IL-5 concentrations in bronchoalveolar lavage fluid, and eosinophils present in IL-5-rich airway fluid exhibit hyperadhesive characteristics.[@b13-jaa-9-155] These findings have been supported by experiments in which blockade of IL-5 by a monoclonal antibody resulted in decreased surface densities of integrins in eosinophils.[@b14-jaa-9-155]

Recently, a subset of innate lymphoid cells (a family of lymphocytes separate from T- and B-cells) that produce type 2 cytokines have been identified in mice and humans, including the airways of humans with severe asthma.[@b15-jaa-9-155] In mice, these cells lack specific antigen receptors of TH2 cells but are important sources of IL-5 and may have a key role in the initiation and maintenance of the type 2 inflammatory response.[@b16-jaa-9-155] Blockade of IL-5 activity with subsequent reduction in the production and activation of eosinophils is an attractive modality to treat allergic asthma as well as nonallergic forms of asthma where eosinophilia is prominent.

Reslizumab
==========

Reslizumab (previously Sch 55700) is a humanized monoclonal antibody that targets IL-5.[@b17-jaa-9-155] It occupies the region *ERRR* (glutamic acid, arginine, arginine, arginine) corresponding to amino acids 89--92 on IL-5, which is critical for its interaction with the receptor with subsequent inhibition of IL-5 bioactivity.[@b18-jaa-9-155] Early animal models showed promise with appropriate inhibition of eosinophilic-driven inflammation. For example, Egan et al[@b19-jaa-9-155] were able to show a significant reduction in eosinophil counts in monkeys, mice, and guinea pigs on allergic experimental models after a single dose of reslizumab. Importantly, in these experiments, the effects appeared to last at least 6 months.[@b19-jaa-9-155],[@b20-jaa-9-155]

Clinical use
------------

Reslizumab was initially evaluated in humans in a small study that enrolled patients, 18 years or older, with symptomatic severe persistent asthma despite using high-dose ICSs or oral corticosteroids.[@b21-jaa-9-155] The patients (n=32) received either placebo or reslizumab intravenously (IV) at a single dose raging between 0.03 and 1.0 mg/kg. At doses of 0.03 and 0.1 mg/kg, there was no significant effect on eosinophil counts. At doses of 0.3 mg/kg, there was a modest decrease in circulating eosinophils, but in patients who received 1.0 mg/kg, the response was more profound. Importantly, in the last group of patients, the effect was sustained for 30 days. There were no significant differences in forced expiratory volume in 1 second (FEV~1~), FEV~1~/forced vital capacity ratio, or symptom scores among the study groups. This study has important implications as it was the first to demonstrate that reslizumab can effectively and safely decrease eosinophil counts in patients with asthma. Clinical outcomes were disappointing, but this was likely due to the characteristics of the study: 1) not powered to detect a difference, 2) lack of repeat dosing, 3) insufficient follow-up, and 4) no preselection of patients with eosinophilia.

Indeed, adequate preselection of patients with eosinophilia has been the focus of subsequent reslizumab studies ([Table 1](#t1-jaa-9-155){ref-type="table"}). A multicenter, randomized, double-blind, placebo-controlled study explored the effects of reslizumab versus placebo in poorly controlled asthmatics aged 18--75 years with 1) confirmed airway reactivity, 2) receiving high-dose ICS in addition to a second controller, and 3) induced sputum eosinophils of 3% or more.[@b22-jaa-9-155] Patients received reslizumab infusions at a dose of 3.0 mg/kg or placebo at baseline and every 4 weeks for three additional doses. The primary outcome -- Asthma Control Questionnaire (ACQ) scores -- showed a trend favoring better asthma control in the reslizumab group (−0.7 vs −0.3), but was not considered statistically significant (*P*=0.054). Subgroup analysis revealed that patients with nasal polyps had a significant response to reslizumab in the ACQ scores compared to placebo (−1.0 vs −0.1, *P*=0.012). There was also a trend toward improvement in the exacerbation rates in the reslizumab group compared to placebo: 8% versus 19% (0.33 \[0.10, 1.15\], *P*=0.083) of the patients had at least one exacerbation, respectively. Additionally, when analyzing the whole cohort, there was a modest improvement from baseline in FEV~1~ in the reslizumab group compared to placebo (180 vs −80 mL, *P*=0.002). Patients who received reslizumab had significant decrease in sputum eosinophils, and the therapy was well tolerated. This study was the first to explore the use of reslizumab in asthmatic patients who were previously categorized into the eosinophilic asthma phenotype. Although the response was modest, it was demonstrated that by targeting this subset of patients, reslizumab was able to improve asthma control and pulmonary function.

In the previously discussed study by Castro et al,[@b22-jaa-9-155] patients were selected on the basis of induced sputum eosinophil counts. This test has limitations as it has been shown to be variable, demands certain expertise when collecting the sample, and is not widely available.[@b23-jaa-9-155],[@b24-jaa-9-155] For these reasons, sputum eosinophil counts may not be the ideal way of identifying eosinophilic asthma. On the other hand, blood eosinophil counts are readily obtained in an automated, inexpensive fashion and provide more reliable results.[@b25-jaa-9-155] For these reasons, follow-up studies evaluating the effectiveness of reslizumab have used blood eosinophil counts to define the eosinophilic asthma phenotype.

To explore the efficacy of anti-IL-5 therapy using blood eosinophil counts, two replicate, double-blind, multicenter, randomized, placebo-controlled trials evaluated the efficacy of reslizumab in uncontrolled asthmatics.[@b26-jaa-9-155] Importantly, these patients had to have at least one blood eosinophil count of 400/µL and were receiving at least medium-dose ICS with or without a second controller. After screening, 953 patients aged 12--75 years were randomly assigned to receive reslizumab at a dose of 3 mg/kg or placebo IV every 4 weeks for 13 doses. Majority of the patients (ie, 84%) were receiving long-acting β-agonists. Patients who received reslizumab had a reduction in the rates of asthma exacerbations compared to placebo (0.84 vs 1.81 events per patient per year, rate ratio 0.86 \[0.37--0.58\], *P*\<0.001). The time to first exacerbation was significantly longer in the treatment group, with a probability of not having an exacerbation of 61% and 73% (95% confidence interval 55--67, 67--79) in studies 1 and 2 compared to 44% and 52% (95% confidence interval 38--51, 45--48) in the placebo group, respectively. Larger reductions in exacerbation rates were noted in patients with repeated exacerbations in the period of 12 months before the trial. Patients in the treatment group also experienced improvement in FEV~1~ and ACQs scores as early as 4 weeks after therapy was initiated. The adverse events reported were similar in both treatment and placebo groups. The results were promising and further provide evidence that blood eosinophil counts are suitable to discriminate different asthma phenotypes.

To determine the impact of the baseline blood eosinophil count, a randomized double-blind placebo-controlled multicenter study was designed to evaluate the use of reslizumab in uncontrolled asthmatics with a wide range of blood eosinophil levels.[@b27-jaa-9-155] As with the previous studies, patients had to be at least on medium-dose ICS with or without a second controller. A total of 496 patients aged 18--65 years were randomized (4:1) to receive either reslizumab at a dose of 3.0 mg/kg IV every 4 weeks for 16 weeks or placebo. Only 20% of the patients had blood eosinophil counts \>400/µL. The mean change in FEV~1~ from baseline at week 16 was similar in both the study groups (reslizumab 255 mL compared to placebo 187 mL, standard error 49.5, *P*=0.170). Subgroup analysis in subjects with eosinophil counts \>400/µL revealed an improvement in pulmonary function, ACQ scores, and rescue inhaler use. This study confirmed that asthmatics without eosinophilia do not benefit from reslizumab therapy.

More recently, a study was carried out to explore the efficacy of two different doses (0.3 and 3.0 mg/kg IV) of reslizumab in asthmatics with a blood eosinophil count of at least 400/µL.[@b28-jaa-9-155] This multicenter, double-blind placebo-controlled study included 315 subjects aged 12--75 years with uncontrolled asthma (ACQ score ≥ 1.5) and at least using medium-dose ICS (78% were using long-acting β-agonists). After 16 weeks of therapy, patients who received the 3.0 mg/kg dose had clinically significant improvements in pulmonary function, quality of life, and self-reported asthma control compared to placebo. As with previous studies, the response was observed as early as 4 weeks, and a significant decrease in the blood eosinophil count was appreciated. Even though there was a significant response with the 0.3 mg/kg dose, the effect was considered superior with the 3.0 mg/kg dosing scheme. In both the dosing schemes, no increased rates of adverse reactions were observed compared to placebo.

Based on the previous four studies, in March 2016 the FDA concluded that reslizumab had an adequate safety profile and demonstrated efficacy in treating severe eosinophilic asthma.[@b26-jaa-9-155]--[@b28-jaa-9-155] The approved dosage regimen is 3 mg/kg IV over 20--50 minutes every 4 weeks for patients aged ≥18 years.

Safety
------

Reslizumab appears to be safe and is well tolerated.[@b21-jaa-9-155],[@b22-jaa-9-155],[@b26-jaa-9-155]--[@b29-jaa-9-155] The most common reported side effects include headache, nasopharyngitis, upper respiratory tract infections, and fatigue, although these occurred at similar rates compared to placebo. Because 0.3% patients who received reslizumab in the preapproval trials developed anaphylaxis, the FDA issued a warning and recommended that after the infusion patients should be observed in a setting where health care professionals are available to treat this adverse reaction. Future surveillance studies are still needed to establish the risks of malignancy and safety during pregnancy.

Other IL-5 inhibitors for the treatment of asthma
=================================================

Mepolizumab
-----------

Mepolizumab, a humanized monoclonal antibody, inhibits IL-5 activity by preventing the binding of IL-5 to the α chain of the IL-5 receptor.[@b30-jaa-9-155] Early studies demonstrated that mepolizumab was effective in decreasing eosinophil counts, decreasing eosinophil progenitors in the bronchial mucosa, and suppressing the maturation rates in the bone marrow of asthmatics.[@b30-jaa-9-155],[@b31-jaa-9-155] Subsequent studies demonstrated that mepolizumab was effective in improving various outcomes in eosinophilic asthma. A meta-analysis of seven randomized placebo-controlled trials evaluating the effect of IV mepolizumab revealed a significant reduction in blood and sputum eosinophil counts, risk of exacerbation, and asthma symptoms based on quality of life questionnaires compared to placebo.[@b32-jaa-9-155] Notably, the safety profile of mepolizumab in these trials was similar to that in placebo. Two additional trials were done to evaluate the efficacy of mepolizumab using subcutaneous (SC) dosing. The Mepolizumab as Adjunctive Therapy in Patients with Severe Asthma (MENSA) study was a randomized double-blind double-dummy trial that evaluated the efficacy of mepolizumab at a dose of 75 mg IV or 100 mg SC or placebo every 4 weeks for 32 weeks in asthmatics aged 12--82 years.[@b33-jaa-9-155] The subjects (n=576) had the clinical diagnosis of asthma, evidence of obstruction on spirometry confirmed airway reactivity evidence of eosinophilic inflammation, and at least two asthma exacerbations in the previous year. The patients were considered to have eosinophilic inflammation if they had a blood eosinophil count of at least 150/µL at screening or 300/µL during the previous year. Patients who received mepolizumab, either IV or SC, had a significant reduction in asthma exacerbations and had improved asthma control. These findings are consistent with the results of the Steroid Reduction with Mepolizumab Study (SIRIUS) study.[@b34-jaa-9-155] This randomized double-blind placebo-controlled trial explored the steroid sparing effect of 100 mg of SC mepolizumab in asthmatics receiving oral corticosteroids for at least 6 months (mean of 12.5 mg of prednisone/day). All the patients enrolled (n=135) had evidence of eosinophilic inflammation (similar criteria to the MENSA study) and had an age range of 16--74 years. In addition to improved asthma exacerbation rates and symptoms, patients who were treated with mepolizumab had a significant reduction in corticosteroid requirements compared to placebo. In both the MENSA and SIRUS studies, patients tolerated mepolizumab well and had a similar safety profile compared to placebo.[@b33-jaa-9-155],[@b34-jaa-9-155] Based on the available evidence, in November 2015 the FDA approved mepolizumab for the treatment of severe asthma with an eosinophilic phenotype (blood eosinophil count of at least 150/µL at the start of treatment or 300/µL in the past 12 months) in patients aged ≥12 years. The recommended dose is 100 mg SC every 4 weeks.

Benralizumab
------------

More recently, benralizumab, a fully human afucosylated monoclonal antibody to the α subunit of the IL-5 receptor that blocks the effects of IL-5, is under investigation for the treatment of asthma.[@b35-jaa-9-155],[@b36-jaa-9-155] Preliminary studies in humans showed an adequate safety profile with a significant reduction in eosinophil counts in the blood.[@b37-jaa-9-155] A Phase 2b dose-ranging study was done to evaluate the effects of benralizumab in 609 uncontrolled asthmatics with and without evidence of eosinophilic inflammation.[@b38-jaa-9-155] At a dose of 100 mg SC (dosing was administered at weeks 1, 4, 8, 16, 26, 32, and 40), patients with eosinophilia had a significant reduction in the rates of exacerbations compared to placebo. Benralizumab was tolerated well at all doses with an adequate safety profile. Although these findings are promising, ongoing Phase 3 studies will further elucidate the safety and efficacy of this anti-IL-5 therapy for the treatment of eosinophilic asthma.

How to select between mepolizumab and reslizumab?
-------------------------------------------------

To date, there are no head-to-head trials comparing the efficacy of mepolizumab and reslizumab. Both the inhibitors of IL-5 have shown, in patients with severe eosinophilic asthma, reductions in exacerbation rates and improvement in quality of life from asthma, and pulmonary function.[@b26-jaa-9-155],[@b27-jaa-9-155],[@b33-jaa-9-155],[@b34-jaa-9-155] Nevertheless, there are some notable differences to consider before selecting therapy. The age of the patient may impact which therapy to administer; mepolizumab is approved for patients aged ≥12 years, while reslizumab is recommended for ages ≥18 years. Dosing and mode of delivery may also influence the choice of therapy. Mepolizumab is administered SC, while reslizumab requires an IV infusion using weight-base dosing. Some patients and clinicians may prefer the more convenient SC dosing. Additionally, patients with obesity may require larger doses of reslizumab, which may impact the cost of therapy. Finally, the cutoffs of blood eosinophils were different between the mepolizumab and reslizumab pivotal trials. Mepolizumab utilized a cutoff of ≥150 eosinophils/µL to define the eosinophilic phenotype, while the reslizumab trials had a cutoff of ≥400 eosinophils/µL. Therefore, before selecting an anti-IL-5 therapy, careful consideration of all these characteristics is required.

Future directions
=================

Ongoing trials continue to explore the applications of reslizumab in severe asthma. A Phase 3 trial will investigate the use of reslizumab as a steroid sparing medication in severe asthma (NCT02501629).[@b39-jaa-9-155] Another Phase 3 trial will explore the efficacy of reslizumab using a fixed dose in patients with eosinophilic asthma (NCT02452190).[@b40-jaa-9-155] Notably, in both of these studies, SC dosing will be used to assess this alternative dosing route. SC may be better tolerated, more convenient, and may potentially reduce complications. Future surveillance and "real-life" studies will be needed to further confirm the efficacy and safety of reslizumab in the treatment of the eosinophilic asthma phenotype.

Many questions remain about how anti-IL-5 agents will fit into clinical practice. In those with severe asthma, uncontrolled on moderate-to-high-dose inhaled steroids and at least 1-second controller with evidence of eosinophilic inflammation and sensitization to perennial allergens, omalizumab will likely remain initial treatment of choice in light of longer term experience and safety data compared to anti-IL-5 agents. However, in a subset of patients who meet the criteria for omalizumab treatment that either do not respond to treatment or have an incomplete response, anti-IL-5 may be a welcomed option. Head-to-head studies of omalizumab and anti-IL-5 treatments would be needed to assess relative efficacy and safety as first-line agents for patients with asthma not controlled with standard treatments, perennial allergen sensitivity, and eosinophilia who would be potentially eligible for both the treatments. In our assessment, current data likely favor anti-IL-5 treatments as a steroid-sparing treatment in patients with oral corticosteroid-dependent asthma with eosinophilia with or without allergen sensitization. Whether anti-IL-5 treatments should be considered in those with long-term steroid dependence in whom it may be difficult to demonstrate peripheral eosinophilia levels associated with a response to drug remains to be determined. Additionally, there is no clear recommendation regarding continuation of therapy and what are the criteria to suspend therapy. These important questions will require prospective, parallel group studies to determine the lasting effects of therapy and consequences of withdrawal. Finally, anti-IL-5 treatments are currently under evaluation for chronic rhinosinusitis with or without nasal polyposis and aspirin-exacerbated respiratory disease, conditions that are important comorbidities impacting asthma, and where eosinophilic airway inflammation plays a prominent role.[@b41-jaa-9-155],[@b42-jaa-9-155]

Conclusion
==========

Because a significant proportion of patients with asthma remain uncontrolled despite high-dose ICS and long-acting β-agonists, targeted biological therapies continue to play a role in the armamentarium for asthma therapy. Reslizumab, by neutralizing IL-5, has been shown to safely and effectively treat severe eosinophilic asthma. As data continue to emerge, not only on anti-IL-5 therapies but also on other antibodies that target cytokines that confirm the TH2-driven inflammation, biomarkers will have a major role in patient selection algorithms. Blood eosinophil counts have been shown to adequately select asthmatics that would benefit from reslizumab and other IL-5 neutralizing treatments. Nevertheless, it is important to consider that this therapy remains costly and is not widely available. Additionally, before a patient is considered for this type of treatment, a careful evaluation focusing on an accurate diagnosis, asthma education, trigger avoidance, inhaler compliance, and other key components of asthma care should be performed. Future surveillance and "real-life" studies are still warranted to explore the applications of reslizumab for the treatment of severe asthma. Many questions remain regarding where anti-IL-5 therapy will fit in algorithms for treatments of severe asthma in a variety of different clinical circumstances and in relation to other advanced therapies. In [Figure 1](#f1-jaa-9-155){ref-type="fig"}, we provide a guideline of how to approach the treatment of severe asthma that has been nonresponsive to standard therapies utilizing treatable traits to select therapy.[@b26-jaa-9-155],[@b27-jaa-9-155],[@b33-jaa-9-155],[@b34-jaa-9-155],[@b43-jaa-9-155],[@b44-jaa-9-155] There are no head-to-head trials comparing therapies for severe asthma, so this algorithm should be used only as guide when considering stepping up the therapy for asthma after a careful case-by-case evaluation of the patient considering phenotypical features and a thorough discussion on the risks and benefits of these treatments. Regardless, it is an exciting time for both clinicians and patients as increased options for these difficult-to-treat patients are becoming available.
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###### 

Studies of reslizumab in asthma

  Study                           Study design                                                                      Number of patients   Population                                                                                                                                           Regimen                                                                           Main findings
  ------------------------------- --------------------------------------------------------------------------------- -------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Kips et al[@b21-jaa-9-155]      Randomized, double blind                                                          32                   Symptomatic severe persistent asthmatics despite using high-dose inhaled or oral corticosteroids                                                     Single dose of reslizumab IV at doses ranging from 0.03 to 1.0 mg/kg or placebo   No biological activity seen at doses below 0.03 mg/kg. Dose of 1.0 mg/kg produced a significant reduction in eosinophil counts. No improvement in pulmonary function or symptom scores
  Castro et al[@b22-jaa-9-155]    Multicenter, randomized, double blind, placebo controlled                         106                  Poorly controlled asthmatics with airway reactivity, on high-dose ICS+ to a second controller, and sputum eosinophils ≥3%                            Reslizumab 3.0 mg/kg IV or placebo at baseline and at weeks 4, 8, and 12          A trend toward improved ACQ scores, with patients with nasal polyps with a more substantial response. A trend toward improvement in exacerbation rates (8% vs 19%). Eosinophils significantly decreased in sputum
  Castro et al[@b26-jaa-9-155]    Two replicate trials, multicenter, randomized, double blind, placebo controlled   953                  Poorly controlled asthmatics despite using at least medium-dose ICS with or without a controller and a blood eosinophil count of ≥400 cells per µL   Reslizumab 3 mg/kg IV or placebo every 4 weeks × 13 doses                         Reduction in rates of asthma exacerbations and improvement in FEV~1~ and asthma control
  Corren et al[@b27-jaa-9-155]    Multicenter, randomized, double blind, placebo controlled                         496                  Poorly controlled asthmatics despite using at least medium-dose ICS with or without a controller without preselection eosinophil count criteria      Reslizumab 3.0 mg/kg IV or placebo every 4 weeks × 4 doses                        No difference in FEV~1~ in both study groups. Subgroup analysis in subjects with blood eosinophil count of ≥400 cells per µL had improvements in FEV~1~, ACQ scores, and rescue inhaler use
  Bjermer et al[@b28-jaa-9-155]   Multicenter, randomized, double blind, placebo controlled                         315                  Poorly controlled asthmatics despite using at least medium-dose ICS with or without a controller and a blood eosinophil count of ≥400 cells per µL   Reslizumab 0.3 or 3.0 mg/kg IV or placebo every 4 weeks × 4 doses                 The 3.0 mg/kg dose had improvement in pulmonary function and self-reported asthma control and quality of life

**Abbreviations:** ACQ, asthma control questionnaire; FEV~1~, forced expiratory volume in 1 second; ICS, inhaled corticosteroids; IV, intravenous.
